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Why Studying this Model ?

B

* Simplest Extension * Searching New Particles at Colliders
[G.Huang, F.S.Queiroz, W.Rodejohann, arXiv:2101.04956]
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Why Studying this Model ?

* Simplest Extension ~  Searching New Particles at Colliders
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 Mediator to the Dark Sector
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Model B-L
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SiWang (PITT) Searching for heavy leptophilic Z': from muon collider to gravitational waves



Model B-L
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L, — L; Model

B-L model Variant:
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L, — L; Model
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Z’ Particle
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Current Constraints



Current Exclusion Bounds
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Muon Collider Searching



Z’ Particle On-Shell (resonance) Production

uﬂf — 7777 With Initial State Radiation (ISR)
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Z’ Particle On-Shell (resonance) Production

uﬂf — 7777 With Initial State Radiation (ISR)
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Z’ Particle On-Shell (resonance) Production Sensitivity

uﬂf — 7777 With Initial State Radiation (ISR)
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Z’ Particle On-Shell (resonance) Production Selection Cuts
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Z’ Particle On-Shell (resonance) Production Selection Cuts
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Z’ Particle On-Shell (resonance) Production
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Vector Boson Fusion (VBF) Background
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Vector Boson Fusion (VBF) Background
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Z’ Particle On-Shell (resonance) Production System Rapidity Cut
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Z’ Particle On-Shell (resonance) Production System Rapidity Cut
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Z’ Particle On-Shell (resonance) Production System Rapidity Cut
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Final Significance Plots



Significance Plot
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Significance Plot
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Significance Plot
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Significance Plots
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Gravitatioanal Waves Part



New Scalar Field Effective Potential Q
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New Scalar Field Effective Potential Q
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New Scalar Field Effective Potential Q

‘/eﬂ'(gb) — %ree(gb) + Vl—loop(¢)
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New Scalar Field Effective Potential Q
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New Scalar Field Effective Potential Q
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New Scalar Field Effective Potential
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First Order Phase Transition
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First Order Phase Transition
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First Order Phase Transition
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First Order Phase Transition

Bubble nucleation rate: I'(T') = [A(T)]* exp[—S(T)]

Bubble nucleation Simulation of Higgs-bubble nucleation and expansion history during a first-
order electroweak phase transition. Source: JCAP 04 014

Nucleation Temperature when:

1 d
Vacuum energy density: & = P (—1 + Td_T) AViin

T=T. (Transition temperature)

T dr

Inverse timescale: ﬁ o

H, T'dT

Bubble wall velocity: Uy,

T:T*

Gravitational Waves: hQQGW(f) ~ hQQb(f) + hQQs(f) -+ hQQt(f)
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Gravitational Waves Constraints
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Summary

1.8U(2), x U(1)y xU(1)

New particles:
gauge boson Z' and singlet scalar ¢

2. adding system rapidity cut
enhanced the sensitivity

3. Gravitational Waves can be
a complementary to the collider constrainsts
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Off-Shell Z' Particle Production
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Model L, —L, Back Up

gzgYM+zg+$f+gY.
) r, =0,B,—0,B
1 v uv vBPpu
c Fhvel _ -7 FMF,, ; , )
. F, = 3va—8VB#.

3
e 5 = Z (i%_L’)’pD“qu + turrY, D ukr + @E,m D dyp +
k=1

—l—im’)’pD“ lkr + iexry D" err +m> 3

D¥ =98, +1ig, TG}, +igT*W,; +ig:Y B, ig] YLH_LTBL

e %, = (D*H)' D, H + (D*x)! D,x — V(H, ),

e L = —ypGrdeH — v GrunH — y5lisekn H

— YT — Yy R Lerx + e




Anomaly Cancellation

For extra U(1)" model, there are six anomaly-cancellation condition:
(1) SU(3)% x U(1)', implies Tr[{T*, T7}Y'] = 0, which leads to >
(2) SU(2)7 x U(1), implies Tr[{T*,T7}Y"] = 0, which leads t0 37, osoupiers.i
(3)U(1)2 x U(1), implies Tr[Y2?Y'] = 0, which leads to >, Y;2Y/ = 0,
(4)
(5)
(6)

colortriplets,i Y =0,
Y! =0,

4)U(1)y x U(1)?, implies Tr[Y'Y'?] = 0, which leads to 3, Y;Y/2 = 0,
U(1)", implies Tr[Y'3] = 0, which leads to _, Y/? = 0,
Gauge gravity, implies Tr[Y" ] = 0, which leads to > . Y/ =0

Yip +Y, g+ Y p+2(Y +Y,  +Y])
+3*2( Y, +YL+YL‘L)+3*2( Yor+Yr+Yp) =0

SiWang (PITT) Searching for Leptophilic Z’ at Future Muon Collider



CU rre nt ConStra | ntS [M. Bauer, P. Foldenauer, J. Jaeckel(2018)] o

Mass region: MeV-100 GeV

1.Beam dump experiments s B — L

& fixed target experiments
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CU 're nt ConStraintS [M. Bauer, P. Foldenauer, J. Jaeckel(2018)] .

Mass region: MeV-100 GeV

3.Collider Experiments

(ATLAS, CMS, LHCb, BaBar, KLOE...)

q g A! q Ar
, H D"
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— = D i:-‘ﬂ'

q g Z e K

4. White Dwarf Cooling
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Current Constraints

Mass region: 0.1 TeVto 100 TeV

107!
102
1077 ¢ 3
E s =3TeV .
Luminosity = 1 ab™!
1074 e
0.1 | 10

My (TeV)

[G. Huang, F.S. Queiroz, W. Rodejohann(2021)]]

should consider VBF background

Neutrino Trident Exeperiment: v

[O'CCFR/O'SM ]= 0.82 +0.28

osmiz |_ 1+ (1+ dsfy + 2v°q}(g)* /M3,)?
oSM 1+ (1 +4s3,)?

Mz > 540 GeV x ¢

YYyy




/-Z' Mixing

Mixing term

Lonix = —€Z"™ By, + M>Z" Z,

Y A
I(¢°) =

— q — g

8eq’ /1 _mg — (1 - x)qz'
— dz w(1 — ) log | —2
1672 J, v (1= z)log m; — x(1l — )¢




/' Particle Width

No RH LH difference

g/2 MZ’

I' =
127

I(Z — 1) =2I(Z" — vi)

(2Nl + N,,)g"2 6g’2
P o) _= M /! = M !/ nore |lepton masses
tot 247 2 g 2 gnore lept
cT = c __ 2.48 x 107 um 107°\" (10 GeV Prompt decay
F(Z’) . g’ sz
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On-Shell Z' Particle Production

101 E_I T

(momentum conservation)

] 1 1 1 1
?E PN++PM_: (5\/§—E’7)§\/§@+(§\/§)_§\/§) :(\/E_E’Y’_E'Y)

51072 i Tt /B 3 TV 1 M3 = Pj = (v/s— E,)* — E = s — 24/sE,
= Mz = 500 GeV, ¢’ = 0.1 ]
10%F 3 l (the energy-momentum relation)
. e e
o E, = (s — M3)/2//s
pr T+ l
1. E+p. 1 /s—2E, |1 M}
A T Y T
v/Z]Z' yz ~logeot(0/2) —» tan(6/2) ~ My /v/s
. - 7] < 2.44 (M < 0.088y/s |
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Directly Coupled to Z' Particle

e Lo L
o - M- —T'T 7Y (Mono Photon)
ut 112
/217 .
wo Tt i Z )

AN

~
+

2

V/an

v/Z]Z'

\_“ ) )
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Indirectly Coupled to Z' Particle

e N

€+

electron beams
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Back Up

« B-L

$=$YM+=%+=%€+$}/.

F,, = 8,B,—0,B,,

1 1
Abel __ v Tuy
Lot = —ZF“ F — ZF“ F,, F,, = 8,B, - 9,B,.

D, =0, +1igsT*G > +igT*W °* +igY B, +ig,Yp_LB,, .

3

L = Z (z’qk_mpD#qu—l—z'mrmp#ukR_l_im%DﬂdkR_l_
k=1

+?:E'YqulkL + iexrY D" err + %'@’Y#D”Vm) ;

%, = (D*H)'D,H + (D"x)'D,x — V(H,X),

d — U —— T e 7T
V(H,x) = m2HVH + 2 | x P+ (P 00 | x [T+ HUH | x P S i

—y}’klj_LVkaI — y%(VR)ijRX +h.c.,



Why are Atoms so Small?

Suppose that you could mark the molecules in a glass of
water; then pour the contents of the glass into the ocean
and stir the latter throughly so as to distribute the marked
molecules uniformly throughout the seven seas; if then you
took a glass of water anywhere out of the ocean, you would
find in it about a hundred of your marked molecules.

Lord Kelvin

SiWang (PITT) Searching for heavy leptophilic Z': from muon collider to gravitational waves



The Gravitational Waves Spectrum

Wavelength
AGE OF THE UNIVERSE YEARS HOURS SECONDS MILLISECONDS

What makes the waves?

’ Binary supermassive Black holes and stars captured Merging binary neutron
The Big Bang \ black hole mergers / by supermassive black holes stars and black holes
" ' r
How we will detect them? @s Ground-based .
Cosmic microwave ® @ e nterferometers
background polarisation Pulsar timing I
ey e S A arrays Space-based
interferometers

—

SKA Advanced LIGO
+

Virgo

Credit: Ben Gilliland
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